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Organophosphorous insecticides (OPs) are widely used in agriculture and are characterised by a low persistence under most environmental conditions (Hill, 1995) .
However, due to their high toxicity, OPs can impose hazard on nontarget species. The toxic action of OPs is based on the inhibition of the enzyme acetylcholinesterase (AChE), which hydrolyses the neurotransmitter acetylcholine in cholinergic synapses of the central and peripheral nervous system. Inhibition of AChE leads to the accumulation of acetylcholine in the synapses, resulting in excessive stimulation of postsynaptic cholinergic receptors (Pope, 1999) . OPs inhibit AChE by an irreversible mechanism, so that recovery of enzyme activity after exposure is slow, relying on de novo synthesis of AChE (Main, 1964; Ferrari et al., 2004) . Insecticidal carbamates, a second group of anti-AChE insecticides, inhibit AChE by a mechanism similar to that of OPs (Wilson et al. 1960) ; however, carbamylated AChE can slowly recover (Wilson et al. 1960 ) while phosphorylated AChE cannot. The measurement of the AChE activities in fish has been suggested as a diagnostic biomarker, with decreased activities indicating water contamination by OP and/or carbamate insecticides (Weiss and Gakstatter, 1964; Coppage and Braidech, 1976; Zinkl et al., 1987) .
Freshwater systems in agricultural areas may receive temporary pesticide contamination after pesticide applications to crops. Important routes for the non-point pollution of freshwater systems by pesticides are spraydrift and edge-of-field runoff (Williams et al., 1995; Kreuger, 1998) . These entry routes are associated with quite distinct exposure scenarios for aquatic nontarget species. Contamination through spraydrift generally leads to an input of pesticides in the aqueous phase (Schulz et al., In the Western Cape, South Africa, orchards and vineyards form important agricultural crops. The main pesticide application period (October to February) is characterised by frequent rainfall events, raising the possibility of water contamination through runoff. The entry and occurrence of pesticides in the Lourens River (LR) catchment, Western Cape, has been intensely studied since 1998.
Contamination of the mainstream originates from inputs into tributaries, mainly via surface runoff (Schulz et al., 2001b; Dabrowski et al., 2002) , but also to a lesser extent by spraydrift (Schulz et al., 2001a) .
Pesticides, including OPs, have been reported to reach high transient concentrations in the LR during the peak of contamination events. Measured concentrations (n=3) of azinphosmethyl (AZP) and total endosulfan in sediment and water during three runoff events in 1998 and 1999 averaged at 502 µg kg -1 (0.67 µg . The aim of this study was to compare the effects of aqueous and particleassociated OPs on rainbow trout, using inhibition of AChE activity as the endpoint.
AChE inhibition represents a well-accepted biomarker of exposure to anti-AChE insecticides and is mechanistically related to their toxicity. 
Microcosm studies
Indoor microcosm experiments were carried out to assess the effects of aqueousand particle-associated OPs, simulating the conditions of spraydrift and runoff events, respectively. Rainbow trout (Oncorhynchus mykiss) were obtained from a local hatchery and allowed to acclimate to laboratory conditions for one week. In experiments, trout (body length 10.9 ± 1.6 cm, body weight 14.6 ± 6.1 g) were randomly assigned to treatments (10-13 individuals). Fish were exposed for one hour to azinphos-methyl (AZP) or chlorpyrifos (CPF) in stream microcosms (length = 1.5 m, width = 0.21 m, height = 0.15 m). After exposure, fish were transferred into microcosms with clean water and allowed to recover for 24 h before sampling. The microcosms contained 30 l river water from LR1. In the recirculating systems, a paddle wheel generated a water current (~0.11 m s -1 ). pH, temperature, and oxygen were in the range of 7.1-7.2, 17.5-18.5 °C, and 8. For exposures to aqueous OPs, stock solutions were prepared in distilled water and appropriate amounts added to microcosms. For exposures to suspended particle which is characteristic for conditions during runoff-borne contamination events in the LR (Schulz, 2001a) . Control treatments consisted of untreated trout (exposure water only) and uncontaminated SP (treated with acetone only).
In situ exposures
Groups of ten trout were exposed in 20 l plastic buckets with large openings covered with 5-mm stainless steel mesh to allow water flow (0.15 m s -1 ) through the bucket. Exposure took place for 7 days (7/2/2002 to 14/2/2002). 
Sampling and water parameters for in situ experiments
Pesticide analysis
Sample extraction and GC analysis was carried out as described in detail elsewhere (Schulz et al., 2001a) . Detection limits were 0.01 µg l -1 and 0.1 µg kg -1 dry mass for water and suspended sediments, respectively, and spiked recovery efficiencies were between 79 and 106%.
Biochemical analyses
Prior to tissue sampling, fishes were stunned by a blow to the head and killed by cervical dislocation. The whole brain and approximately 150 mg of skeletal white muscle tissue were sampled immediately and stored at -20 °C in 1 ml buffer (potassium phosphate, 0.1 mol l -1 , pH 7.4). For analyses, samples were thawed and homogenized on ice using a Polytron homogeniser. The supernatant obtained after centrifugation (10,000 g , 4 °C, 15 minutes), containing the low-salt soluble fraction of cholinesterases (Massoulié and Bon, 1982) (Zar, 1996) . Differences were considered significant if the probability value (P) was < 0.05. The effects of aqueous and SP-associated OPs on AChE activities in brain and white muscle were investigated in short-term (1 h) exposures of rainbow trout, followed by 24 h of recovery. Within the tested concentrations, there were no obvious signs of toxicity, except for a moderately impaired activity of trout in some of the highest concentrations. The treatment of trout with uncontaminated SP did not provoke a change in AChE activities when compared to dilution water controls (data not shown). In aqueous exposures, 61 to 95% of the nominal concentrations of the investigated pesticides were detected, while in particle-associated exposures actual levels were 45 to 68% of nominal levels (data not shown). Aqueous chlorpyrifos (CPF) caused significant decreases in rainbow trout brain AChE activities at nominal concentrations of 1 µg l -1 and 3.3 µg l -1 , while no significant effects were observed with the highest aqueous azinphos-methyl (AZP) concentration tested, 3.3 µg l -1 (Fig.1 ). When OPs were tested in an SP-associated form at a SP concentration of 0.5 g l -1 , the lowest OP levels (expressed in mg kg -1 of SP) causing significant decreases in brain AChE were 660 mg kg -1 CPF and 66 mg kg -1 AZP (Fig. 2) . Consequently, NOECs/LOECs obtained in this study were 0.33 µg l -1 / 1 µg l -1 for aqueous CPF, 200 mg kg -1 / 660 mg kg -1 for SP-associated CPF and 20 mg kg -1 / 66 mg kg -1 for SPassociated AZP. In general, the relative inhibition of AChE in white muscle was similar to that observed in brain ( Figs. 1 and 2 ).
In a comparative in situ study, rainbow trout were exposed in cages at three LR sites for one week during the OP application period in February 2002. Some physical and chemical water quality parameters differed between agricultural sites LR2 and LR3 and the reference site LR1, notably total suspended solids, conductivity, phosphate, nitrate, nitrite and total organic carbon (Table 1 ). An effect of these water quality parameters on AChE activity is unlikely, as these and other water quality parameters showed no correlation with cholinesterase activities in stickleback (Sturm et al., 1999b) . Compared to LR1, brain AChE activities were significantly decreased by ~40% at LR3, but remained unchanged at LR2 (Fig. 3) . To assess the general contamination status of the sites, SP was obtained from suspended sediment samplers installed in the streams (Liess et al., 1996) . SP samples from the two week-interval surrounding the week of in situ-exposures showed detectable levels of CPF and AZP at both agricultural sites LR2 and LR3, but lacked OPs at the reference site LR1 (Table 2 ). This confirms the assumed contamination status of the sites; however the absence of significant rain events in the week of in situ exposures suggested that the SP in the samplers originated from runoff events that took place prior to the in situ exposures. To obtain an estimate of potential contamination from spraydrift, composite water samples were taken over a period of 5 h during one workday of the week of the in situ exposure (Table 2) . Samples from the reference site LR1 lacked detectable residues of the OPs analysed, while low amounts of OPs were present in samples from both agricultural sites LR2 and LR3, with AZP being the major contaminant (Table 2) . During the study, we observed a noteworthy variability of muscle, but not brain, AChE activities between trout kept in laboratory aquaria and in situ exposed fish (Fig.   4 ). Muscle AChE activities of trout exposed at reference site LR1 were higher than those of most control groups of laboratory experiments (Fig. 4) . To compare results obtained in laboratory to the field situation, trout were exposed in cages at three sites in the LR during the OP application period. After one week of in situ exposure, brain AChE activities at one agricultural site, LR3, were significantly decreased compared to the reference site. In the week of in situ exposures, there was no runoff event, suggesting that OPs which have originated from spraydrift caused of the inhibition. The higher AChE inhibition at LR3 than LR2 seemed to correspond with OP levels in composite water samples taken over a period of 5 h (0.04 µg l -1 AZP at LR2; 0.15 µg l -1 AZP at LR3). However, AZP concentrations in water samples from both sites were much lower than the highest concentration tested in the laboratory microcosms (3.3 µg l -1 ), at which only nonsignificant decreases in AChE were observed in this study. Thus, the levels of OP contamination detected in samples from LR3 are too low to explain the decrease of AChE activities at this site. This discrepancy suggests that the true OP exposure of trout at LR3 might have been higher than it appeared from the water concentrations measured in this study, which depicted the situation in the LR only at a certain resolution. For budget reasons, composite water samples could be analysed only for one day, and results are possibly not representative for the entire exposure interval.
Moreover, taking into account that water contamination in a running water system is transient, temporary concentrations might have exceeded the 5 h-average values.
Finally, although all anti-ChE pesticides which to our knowledge are used in the investigation area were considered in the chemical analyses, the potential presence of further compounds cannot be excluded with absolute certainty. Thus the data from the in situ study suggest that OP water contamination by spraydrift has the potential to adversely affect fish in the LR, and further demonstrate the usefulness of the biomarker AChE in an exposure scenario where it is difficult to get a representative picture of contamination with conventional chemical analytics, at least with an economically realistic effort. under defined control conditions in the laboratory. In this study, muscle AChE activities were about 2-fold higher in trout exposed at the reference site LR1 than in animals kept in the laboratory. Similarly, in a previous study (Sturm et al. 1999b) muscle cholinesterase activities were up to 45% higher in stickleback from reference sites than in fish from the laboratory. The major natural variables known to affect AChE activities in fish are body size (Sturm et al., 1999b; Beauvais et al., 2002) and acclimation temperature (Baslow and Nigrelli, 1964) . However, within the size range of trout used, there was no correlation between body length or body weight and AChE activities (data not shown). The temperature conditions in the laboratory and the reference site were virtually the same, with slightly higher temperatures at the agricultural sites. While AChE activities are not affected by gender in most fish species (Gruber and Munn, 1998; Sturm et al., 1999b; Beauvais et al., 2002) , sex differences in AChE levels have been reported occasionally in mature adults of certain taxa (Di Marzio et al., 1998) . In this study, immature trout were used, so that an influence of the sex of the animals appeared unlikely. In mammals, chronic increases in the levels of neuromuscular activity can cause significant increases in muscle AChE activity, while brain AChE activity remains unchanged (Sveistrup et al., 1995; Ryhanen et al., 1988) . We therefore speculate that higher levels of physical exercise of caged compared to laboratory trout may have caused the increase in white muscle AChE activities in situ. Indeed, it has been suggested that a correlation exists between the general physical activity of fishes and their levels of skeletal muscle AChE, with higher AChE activities present in active than sluggish species (Baslow and Nigrelli, 1961) . The easy accessibility of skeletal muscle compared to brain, particularly in small species, might be the reason why this tissue has been used in many biomarker studies with fish AChE. However, this study suggests that the background variability of AChE activities can be higher in muscle than in brain.
Conclusions
• Comparatively high levels of suspended particulate-associated OPs (~1 mg l -1 ), having been previously reported in the Lourens River (LR), were without effect on trout AChE activities in 1 h-exposures and probably pose no acute risk for fish.
• The measurement of brain AChE inhibition after the short-term ( • One-week in situ exposures of trout in the LR during the OP application period provoked AChE inhibition at one of two agricultural sites when compared to an upstream reference site. However, aqueous OP levels at the agricultural sites were too low to explain AChE inhibition. This discrepancy seems to reflect the difficulty in appropriately modelling the highly dynamic exposure conditions in streams. Because of their integrative nature, biomarkers such as AChE may be useful in scenarios where environmental concentrations are highly variable.
• Compared to AChE activities of trout maintained in the laboratory, muscle, but not brain, AChE activities in cage-exposed trout at the reference site were significantly increased. Caution should be applied in using muscle AChE in future studies with trout, and where possible, AChE activities should be measured in brain. 
